
r cr 
c[ 

I 
r 

c 
2 
k 

4 
U 
4 
2 

NASA TN D-1637 I 

TECHNICAL NOTE 

D- 1637 

QUALITATIVE EVALUATION OF 

EFFECT OF HELICOPTER ROTOR-BLADE TIP VORTEX 

ON BLADE AIRLOADS 

By James Scheiman and LeRoy H. Ludi 

, Langley Research Center 
Langley Station, Hampton, Va. 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

WASHINGTON May 1963 



NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTE D-1637 

QUALITATIVE EVALUATION OF 

EPFECT OF HELICOPTER ROTOR-BLADE T I P  VORTEX 

ON BLADE AIRLOADS 

SUMMARY 

A f l i g h t  t e s t  program w a s  conducted t o  determine both representat ive and 
c r i t i c a l  hel icopter  rotor-blade a i r loads  by means of 49 pressure transducers i n  
t h e  blade. 
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measured r e s u l t s  and the  r e s u l t s  from uniform inflow theory. Important d i f f e r -  
ences t h a t  e x i s t  are shown t o  occur near the in te rsec t ion  of the blade w i t h  the  
path of t h e  preceding blade t i p  and thus can be a t t r i b u t e d  t o  the  blade t r a i l i n g  
vort ices .  The vibratory blade loading i s  shown t o  be s igni f icant ly  influenced by 
the  t r a i l i n g  vortex of t h e  preceding blades. 
blade loadings of a l l  orders,  and the  percentage of t h e  contribution t o  t h e  higher 
harmonics i s  large.  

This influence produces harmonic 

Theoretical  and experimental chordwise pressure d i s t r i b u t i o n s  a r e  compared 
and t h e  r e s u l t s  ind ica te  t h a t  t h e  differences a re  due t o  inflow o r  blade angle of 
a t t a c k  and not t o  o ther  e f f e c t s  (e.g., unsteady s t a t e  flow). 

Sample osci l lograph records f o r  other  f l i g h t  conditions a r e  presented t o  show 
the  influence of t h e  t i p  vortex on the  blade loading. 

INTRODUCTION 

Vibratory loads are one of t h e  major helicopter problems both i n  respect 
t o  s t r u c t u r a l  f a t i g u e  and acceptable fuselage vibrat ion leve ls .  
e f fec t ive ly  p r e d i c t  these loads has long been an object ive,  both t o  permit a 
study of means t o  reduce them and t o  shorten the development span f o r  new designs. 
Assumptions which are e n t i r e l y  adequate f o r  performance predict ion do not take 
account of load d i s t r i b u t i o n  t o  an extent usable f o r  per iodic  load predict ion.  
While he l icopter  dynamic analysis  has improved s igni f icant ly  and numerous attempts 
have been made t o  improve t h e  accuracy of predicting vibratory a i r loads ,  t h e  net 
r e s u l t s  have been l imited.  A shortage of experimental information on t h e  periodic 
a i r loads  has seemed t h e  major impediment t o  the devising of adequate theory f o r  

The a b i l i t y  t o  



steady f l i g h t  conditions; and the maneuver and vortex-ring f l i g h t  conditions must 
be expected t o  require semiempirical approaches. 

In  order t o  help f i l l  t h i s  gap, t h e  National Aeronautics and Space Adminis- 
t r a t i o n  has f l i g h t  tes ted  a s ingle-rotor  he l icopter  equipped with extensive ins t ru-  
mentation. Numerous blade span and chord pressure sensors, blade motions and 
s t r e s s ,  and f l i g h t  var iables  were recorded and the da ta  reduced. 
a s m a l l  portion of these data  i s  used t o  i l l u s t r a t e  an i n i t i a l  f ind ing  of prac t i -  
c a l  in te res t .  

I n  t h i s  repor t  

A comparison of the measured blade loads with t h e  loads predicted by elemen- 
t a r y  uniform inflow theory indicated a predominant influence of t h e  blade t i p  vor- 
t i c e s .  The determination of t h e  a c t u a l  t ip-vortex posit ion,  motion, and s t rength  
i s  a d i f f i c u l t  problem. 
the  shed and t r a i l i n g  vor t ices  vary with time. 

Also, i n  forward f l i g h t  the  blade spanwise loading and 

Regardless of the s t a t u s  of numerical solutions,  however, a q u a l i t a t i v e  pic- 
t u r e  i s  believed t o  be an important a i d  t o  understanding. 
such a qua l i ta t ive  evaluation of the  t ip-vortex influence on the rotor-blade air- 
loads, based on the recorded f l i g h t  measurements. 
f o r  two t r i m  l e v e l - f l i g h t  conditions, one with and one without r e t r e a t i n g  blade 
s ta l l .  For completeness and i n  order t o  provide usefu l  data t o  supplement the  
work of other researchers, a portion of the reduced da ta  and the f l i g h t  conditions 
are included i n  the appendix f o r  the two l e v e l - f l i g h t  conditions considered herein 
and one addi t ional  f l i g h t  condition. Sample oscil lograph records of numerous 
other  f l i g h t  conditions a re  offered as f u r t h e r  evidence of the  presence of the 
tip-vortex e f f e c t .  

This repor t  presents 

A de ta i led  evaluation i s  made 

SYMBOLS 

C 

CN 

AP 

9 

r 

R 

v 
X 

a 

a i r f o i l  chord, i n .  

normal-force coef f ic ien t ,  

pressure difference between upper and lower surfaces of blade, lb / sq  in .  

dynamic pressure, lb / sq  in.  

spanwise distance along radius measured from center  of rotat ion,  in.  

blade radius measured from center  of ro ta t ion ,  i n .  or f t  

ro tor  forward velocity,  f t / s e c  

chordwise distance from a i r f o i l  leading edge, in .  

r o t o r  angle of a t tack ;  angle between f l i g h t  path and plane perpendicular 
t o  ax is  of no feather ing,  p o s i t i v e  when a x i s  i s  point ing rearward, 
radians 
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v cos a 
RR CL rotor tip-speed ratio, 

4 f  azimuth angle of rotor blade including lagging motion, measured in 
direction of rotation from downwind position, deg 

azimuth angle of rotor blade without any lagging motion, measured in +nom 
direction of rotation from downwind position, deg 

R rotor angular velocity, radians/sec 

Description of Equipment 

The single-rotor helicopter used in the present investigation is shown in 
l figure 1, and its principal dimensions and approximate physical characteristics 
are listed in table I. The rotor is equipped with four fully articulated blades 
each having a planform as shown in figure 2 and each equipped with offset flapping 
and drag hinges. The rotor blade has stiffness and weight distributions as shown 
in figure 2. 'The rotor is a standard production rotor modified oniy to the extent 

' required for the necessary instrumentation. The blade is constructed with a full- 
span trailing-edge tab. The tab is deflected upward bo from r/R = 0.85 to 
r/R = 0.90. 

~ 

Two-dimensional wind-tunnel model tests were performed to obtain airfoil 
' characteristic data. These results are reported in reference 1. 

The pressure transducers used are NASA miniature electrical pressure gages 
of the type described in reference 2. 
rotor blade in such a way that neither centrifugal force nor flapping accelera- 
tions affect gage output. 
blade is shown in figure 3. The 49 gages are distributed over the blade in the 
chordwise and the radial directions as indicated in table 11. Each gage is con- 
nected to the appropriate pair of orifices by tubing having an inside diameter of 
0.04 inch. The tubing length is constant for all gages in order to maintain con- 
stant amplitude and phase response between gages. The electrical output from all 
the pressure transducers was simultaneously recorded on oscillographs through the 
use of a 160 slip-ring assembly. In addition, the slip rings permit the simulta- 
neous recording of blade flapwise bending, chordwise bending, and torsional 
moments and the blade pitching, flapping, and lagging motions. 

Forty-nine gages are mounted inside one 

A sample of the pressure-gage installation in the 

Records of the standard flight parameters were obtained by the use of stand- 
ard NASA recording instruments having synchronized time scales which measure air- 
speed, altitude, manifold pressure, rotor rotational speed, pilot-control posi- 
tions, angular velocities about the three principal inertia axes, and helicopter 
center-of-gravity acceleration. Most of these data are not pertinent to the pres- 
ent discussion and therefore are not included herein. 
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Analysis and Data Presentat ion 

Tables 111, I V ,  and V present  a por t ion  of t h e  data obtained and reduced i n  

A t  se lec ted  
t h e  f l i g h t  t e s t  program. 
lograph record poin ts  taken i n  th ree  consecutive ro to r  revolutions.  
port ions of the  osci l lograph f i lm,  t h e  t r a c e  def lec t ions  were read with the  use 
of a telereader.  These r e s u l t s  were recorded on IBM punch cards which were proc- 
essed through an IBM 7070 e lec t ronic  data processing system and the  f i n a l  r e s u l t s  
tabulated.  

Each data point  presented i s  an average of t h ree  osc i l -  

The data analyzed and discussed i n  t h i s  repor t  are f o r  two l eve l - f l i gh t  con- 
d i t i o n s  with t ip-speed r a t i o s  of 0.18 and 0.23, without and with r e t r e a t i n g  blade 
s t a l l ,  respectively.  Further f l igh t -condi t ion  d e t a i l s  and the  accuracy of t h e  
data can be obtained i n  the  appendix. I l l u s t r a t e d  graphical  data are shown i n  
figures 4 t o  14. 

RESULTS AND DISCUSSION 

The data discussed herein are r e s t r i c t e d  t o  th ree  outboard blade s t a t i o n s  f o r  
an unstal led condition a t  p = 0.18 and f o r  a s t a l l e d  condition a t  p = 0.23.' A 
comparison i s  made of t he  measured blade loads and loads calculated from uniform 
inflow theory, and a q u a l i t a t i v e  treatment of t h e  differences between measured and 
calculated loads i s  presented. 

Unstalled Blade Section (p = 0.18) 

Chord sec t ion  loading.- Figure 4 presents  the blade sect ion loading per u n i t  
span as a function of the  azimuth angle f o r  th ree  radius  s t a t ions .  The measured 
da ta  were obtained from a numerical in tegra t ion  of t he  d i f f e r e n t i a l  pressure 
gages. The calculated r e s u l t s  a r e  based on a r i g i d  blade with a uniform inflow, 
two-dimensional a i r f o i l  cha rac t e r i s t i c s ,  and t h e  f i rs t  three  harmonics of meas- 
ured blade lead-lag, flapping, and p i t ch  motions. For t h i s  report ,  the  most 
in te res t ing  pa r t s  of these p l o t s  a re  the  "jumps" t h a t  appear i n  the  measured 
sect ion loading da ta  a t  azimuth angles near 90° and 270'; however, these  jumps 
a re  not i n  t h e  calculated curves. It i s  shown t h a t  these jumps a r e  caused by 
the in te rsec t ion  of t he  instrumented blade with the  t r a i l i n g  vortex shed from t h e  
t i p  of leading blades; t h i s  e f f e c t  i s  not accounted f o r  i n  uniform inflow theory. 

Blade t i p  path.- Figure 5 i s  a p l o t  of t h e  blade t i p  pa th  of two succeeding 
r o t a t i n g  blades with t h e  center  of r o t a t i o n  i n  l i n e a r  motion (forward f l i g h t  
p = 0.18). 
blade (instrumented blade) with the  t i p  pa th  of t he  leading blade can be deter-  
mined. 
azimuth angle of t h e  following blade. 
(e.g. ,  the loca t ion  of t he  pressure gages),  t h e  azimuth angle a t  which these 
f ixed  points on the  following blade s t r i k e  the t i p  pa th  t rave led  by t h e  leading 
blade can be determined from f igu re  6. These in t e r sec t ion  poin ts  a r e  ind ica ted  
by v e r t i c a l  l i n e s  o r  t i c k s  i n  figure 4. It i s  seen t h a t  t h e  t i c k s  occur i n  t h e  
neighborhood of the  jumps i n  t h e  measured chord sec t ion  loading. 

From t h i s  figure the  spanwise in t e r sec t ion  point  of t h e  following 

Figure 6 i s  a p l o t  of t h i s  r a d i a l  i n t e r sec t ion  point  as a funct ion of t h e  
With a f ixed  blade r a d i a l  s t a t i o n  given 
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Blade tip vortex.- Because the blade lift distribution varies with radius 
and with time, a vortex sheet is shed from the blade. This sheet is made up of 
trailing vortex filaments associated with the blade radial distribution of lift 
and shed or starting vortex filaments. 
variations with azimuth angle are moderate; further, the time variations of lift 
and the starting or shed vortex strength are small compared with those in high- 
speed forward flight. However, the trailing vortices associated with the span- 
wise lift variations exist even for hovering. The trailing vortex sheet is 
unstable and r o l l s  up into a tube which extends downstream somewhat inboard of 
the rotor-blade tip vortex. This rolling up process is quite complex, and more 
detail can be Dbtained from references 3 and 4. 
upflow and downflow tendency on each side of the vortex core. ?“ne magiiltude of 
this tendency decreases with distance from the vortex-core center. Examination 
of tiie theory- of referezze 5 icdicstes t h i t  the extent. of the region as well as 
the direction of flow is compatible with that required to explain the measured 
jumps in figure 4. An example of predicted direction of flow (with the vortex 
center assumed to correspond to the intersection of the following blade with the 
tip path of the preceding blade) is included in figure 6, where it is seen that 
the upflow tendency region is restricted to the outer part of the blade (i. e., 
r / R  > 0.75). This result is in general accord with the pressure measurements for 
the corresponding flight condition and lends confirmation to the premise that the 
jumps are caused by striking vortices from the preceding blade tip vortex. 

In transition flight the dynamic-pressure 

The rolled up vortex produces an 

As can be seen from figure 4, the measured jumps are a little more widely 
spaced in azimuth than are the tip-path intersections denoted by the ticks. These 
differences correspond to an inward movement, that is, the intersection of the 
path at of the leading blade and the pressure-gage stations 
of the following blade. To determine whether this shift is compatible with pre- 
dicted vortex displacement due to roll-up, it is first necessary to ascertain the 
time available for roll-up. This time is shown in figure 7 to correspond to an 
angular blade azimuth rotation of approximately 90°, or a time of 9Oo/a. 
available information such as that of reference 4, this amount of time would move 
the trailing vortex inboard to approximately 
the amount of shift involved, it is concluded that the differences between the 
predicted jumps indicated by the ticks and the measured jumps in figure 4 are thus 
accounted for. 

r / R  = 0.90 o r  0.95 

Based on 

r /R  = 0.90 to 0.95. Since this is 

Thus far, the position.and flow directions of the tip vortex, as a source for 
the jumps, have been examined. In order to determine whether the magnitude of the 
effect is reasonable, the measured values of the chord section loading (fig. 4) 
are replotted in coefficient form in figure 8. 
to normal-force-coefficient changes of about 0.1 to 0.3, which would mean about a 
lo to 3O sudden angle-of-attack change. 
indicates that such magnitudes are entirely plausible. Specific prediction of 
magnitude of the jumps is considered too complex for the present paper. It would 
involve numerous factors including the spanwise lift distribution, the dynamic 
pressures at the times of shedding and striking the tip vortices, and the avail- 
able roll-up time. 

The jumps are seen to correspond 

Examination of information on vortices 

Chordwise pressure distribution.- A s  a check of the applicability of two- 
dimensional airfoil data, a comparison was made of the calculated and measured 



chordwise pressure distributions in figure 9. The pressures were nondimensional- 
ized by dividing by the calculated dynamic pressure. . 

radii were chosen to be on both sides of the jumps. 
Azimuth angles and blade 

One of the calculated curves (short dashed line) was obtained by choosing 

two-dimensional data with the same area d($)) as the measured data 

and a Mach number determined from uniform’inflow theory. This curve shows good 
agreement with the flight measured results; this agreement indicates that at a 
given normal-force coefficient, the chordwise pressure distribution is the same 
on the actual rotor as in the two-dimensional tests. Thus, the influence of 
unsteady effects and radial flow along the blade can be neglected and the use of 
two-dimensional airfoil data is justified, at least for the cases considered in 
figure 9. 

The other calculated curve (solid line) was obtained from the angle of attack 
and Mach number determined from elementary (uniform) inflow theory and the corre- 
sponding chordwise pressures presented in reference 1. 
ences between measured and calculated pressures such as would correspond to dif- 
ferent angles of attack. 
between blade loading on each side of the jump is caused by an unknown angle of 
attack due to unknown inflow velocities such as those that would be caused by 
trailing vortices of previous blades. 

There are large differ- 

These results indicate that the primary difference 

Blade bending and flapping.- There has been some disagreement as to the 
influence of higher harmonic blade flapping and flapwise bending on the blade 
load; in particilar, this effect is believed to be dependent upon the specific 
case (e.g., proximity to resonance). For the test helicopter, the blade flap 
bending deflection was determined from measured bending moments and physical 
blade properties. The resulting velocities due to blade bending and blade 
flapping were combined with elementary inflow to determine a new blade airload. 
A comparison of the theoretical airloads with and without blade flapwise bending 
and higher harmonic flapping motion indicated only small differences especially 
when compared to the trailing vortex influence on the blade loading. 

In order to determine the influence of the jump loading on blade bending 
moment, a dynamic analysis of the blade was made by using the theory in refer- 
ence 6. In this analysis a step loading was put on the blade at three span- 
wise stations ( r / R  = 0.75, 0.85, and 0.95) only and at the azimith positions 
indicated by the measured jumps; all other loading was made zero. A comparison 
was then made of the calculated and measured bending moments. The resulting 
comparison indicated that all bending-moment harmonics above the fourth 
(4/Q through l O / n )  showed good agreement. 

Stalled Blade Section (p = 0.23) 

This flight condition was accomplished by operating at a forward speed of 
This 81 knots in level flight at a minimum acceptable rotor rotational speed. 

condition was considered because it represents a rather extreme flight condition. 
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Figures 10, 11, and I 2  were obtained i n  a manner s imi la r  t o  f igu res  6, 7, 
and 8 f o r  t h e  previous f l i g h t  condition. 
jumps now occur on t h e  r e t r e a t i n g  s ide  of t h e  blade ro ta t ion .  The f a c t  t h a t  two 
jumps a r e  obtained can be explained by accounting f o r  t he  t r a i l i n g  vortex of two 
leading blades (one 90° ahead of and the  other  180° ahead of t he  instrumented 
b lade) .  
of t r a i l i n g  vo r t i ce s  and vor t ices  beyond the  length of t he  instrumented blade 
( i . e . ,  r/R > 1.0) .  
f o r  t h e  present  discussion because t h e  vortex will have moved f a r t h e r  down 
beneath t h e  r o t o r  than the  other  vor t ices .  

From f igu re  10, it i s  seen t h a t  two 

The shor t  dashed p a r t  of t h e  curve i n  f igure  11 ind ica t e s  an overlapping 

It i s  included f o r  completeness but i s  of l i t t l e  importance 

Two-Blade Rotor 

A t ip -pa th  p l o t  w a s  made, as previously described, f o r  t he  two-blade-rotor 
tunnel  data  presented i n  reference 7. A comparison of t he  predicted and measured 
azimuth pos i t ions  of t h e  jumps i n  blade loading w a s  good as depicted i n  figure 13. 

Other F l igh t  Conditions 

Figure 14 presents  port ions of t h e  oscil lograph records of t h e  pressure 
transducer gages of t h e  tes t  hel icopter .  
d i f f e r e n t  gain se t t i ngs ;  therefore ,  t h e  ordinate sca l e  f o r  t he  curves i s  only 
r e l a t i v e  and cannot be compared absolutely.  The f i r s t  two s e t s  of curves a r e  
p l o t s  of t he  f l i g h t  conditions discussed previously i n  t h i s  report .  It w i l l  be 
noted that t h e  jumps are detectable  f o r  t h e  individual o r i f i c e s .  Also,  increasing 
forward speed (V = 110 knots) decreases the  magnitude of t he  t r a i l i n g  vortex i n -  
f luence.  
flow ve loc i ty  which causes a more rap id  movement of t h e  t i p  vortex away from t h e  
blade-tip-path plane. 

The individual  gages were recorded a t  

This i s  believed t o  be ( i n  p a r t  a t  l e a s t )  a r e s u l t  of t he  increased in- 

CONCLUSIONS 

Within the  scope of t he  f l i g h t  conditions (four-blade r o t o r  a t  t ip-speed 
r a t i o s  of 0.18 and 0.23) considered herein,  the following q u a l i t a t i v e  conclusions 
are offered:  

1. Large jumps found i n  p l o t s  of blade section loading as a funct ion of az i -  
muth angle are shown t o  occur near t he  in te rsec t ion  of t h e  blade with t h e  pa th  of 
t h e  preceding blade t i p .  Thus, t h e  vibratory blade loading i s  shown t o  be s igni f -  
i c a n t l y  influenced by t h e  t r a i l i n g  vortex of the preceding blades. This influence 
produces harmonic blade loadings of a l l  orders, and t h e  percentage of t h e  cont r i -  
but ion t o  t h e  higher harmonics i s  l a rge .  

2. The inf luence of t h e  blade higher harmonic flapping and flapwise bending 
on t h e  higher harmonic blade loading i s  smaller than t h a t  of t h e  t r a i l i n g  vortex.  

7 



3. The trailing-vortex tendency to produce upflow in the free-air region 
(forward blade azimuth position) is restricted to the outermost blade stations. 

4. The blade-trailing-vortex influence decreases with an increase in forward 
speed. 

5. The trailing-vortex influence is also present with a two-blade rotor and 
numerous additional flight conditions of the four-blade rotor. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., February 6, 1963. 
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REDUCED FLIGHT TEST DATA 

Symbols 

a slope of curve of sect ion l i f t  coeff ic ient  against  sect ion 
angle of a t t a c k  (assumed equal t o  5.73), per radian 

acjs2 bn,S coef f ic ien ts  f o r  h a m m i c  series o f  blade flapping, deg 

An,s, h,s coef f ic ien ts  f o r  harmonic s e r i e s  of blade pi tching,  deg 

b 

En, Fn 

11 

2 

number of blades 

coef f ic ien ts  for  harmonic s e r i e s  of blade lagging motion, deg 

mass moment of i n e r t i a  of blade about flapping hinge, s lug-f t2  

sect ion aerodynamic loading, chordwise i n t e g r a l  of chord pressure 
gages, lb/ in .  span 

coef f ic ien ts  f o r  harmonic s e r i e s  of sect ion aerodynamic loading, 
lb / in .  span 

10 

2 = Lo + 1 (& cos n$ + Mn s i n  nq) 
n=l 
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r o t o r  shaf t  ro t a t iona l  speed, rpm NR 

t 

Table CL V, knots p, lb-sec2/ft4 NR? rpm 

I11 0.18 70 0.00216 226 

Iv 23 81 .00225 193  

v .11 41 .00250 213 
I 

n harmonic order 

as,  deg 
’ r 

Long Latera l  - 
-2.5 -0.4 

- 4 . 3  -.% 

-. 6 -1.7 

US angle of top of r o t o r  sha f t  with respect  t o  v e r t i c a l ,  pos i t i ve  rearward 
and pos i t ive  toward l e f t  s ide,  deg 

PS blade flapping motion measured a t  blade root  r e l a t i v e  t o  plane normal t o  

mass constant of ro to r  blade, cpaR4/11 

blade l a g  angle measured a t  blade root  r e l a t i v e  t o  ro to r  hub, deg 

shaf t ,  deg 

Y 

5 

OS blade p i t c h  motion measured a t  blade root  r e l a t i v e  t o  plane normal t o  
shaf t ,  deg 

P mass density,  slugs/cu f t  

U ro to r  s o l i d i t y ,  bc/xR 

Discussion 

For completeness and t o  provide da ta  f o r  f u r t h e r  ana lys i s  the  reduced da ta  
f o r  t h e  conditions most per t inent  t o  t h i s  paper are provided herein.  
conditions corresponding t o  the  three  da t a  t a b l e s  are as follows: 

The f l i g h t  

An attempt was made t o  evaluate t h e  accuracy i n  reading t h e  osci l lograph rec- 
ords. 
type and qua l i ty  of the  record. High-amplitude, high-frequency i r r e g u l a r  records 
w e r e  most d i f f i c u l t  t o  read. The estimated accuracy of each ind iv idua l  da t a  point  
of t he  poorest records i s  +5 percent with 99.7 percent confidence (99.7 percent of 
po in ts  have an e r r o r  l e s s  than k5  percent)  and +3 percent with 95 percent confi- 
dence ( 9 5  percent of points  have an e r r o r  less than k 3  percent ) .  Since th ree  con- 
secut ive cycles were averaged, t he  e r r o r  of the  tabulated da ta  w i l l  be the  square 
root  of one-third times the  foregoing values.  
pressure gages were in tegra ted  numerically by using the  Gauss method of numerical 

The most obvious conclusion w a s  t h a t  accuracy depended g r e a t l y  upon t h e  

The average ind iv idua l  chordwise 
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integration in reference 8. 
sure distribution and the steep gradients in pressure at the leading edge of the 
blade, the error in integrating the pressures chordwise is estimated to be from 
0 to plus 5 percent. 

Because of the numerical representation of the pres- 

The differential pressure (tables III(a), IV(a), and V(a) ) represents the 
difference in pressure between the upper and lower surfaces at a specified blade 
location. 
force. 

A positive value represents a net negative pressure or a positive lift 

The section aerodynamic loadings present the chordwise integral of the dif- 
ferential pressures. 
The individual data points are presenied iii tzkles III(b), I?(h), m-d V ( h ) ,  

Positive values indicate positive lift per inch of span. 

All blade z ~ t i m s  are measured at the blade root with respect to the rotor 
hub. 
IV(c), and V(c) is in units of degrees where a positive sign indicates blade nose 
up for pitch motion, blade span axis above the plane perpendicular to the axis of 
the rotor shaft for flap motion, blade span axis aft of a line through the center 
of rotation and lag hinge for lag motion. 

The harmonic analysis of the blade motions presented in tables III(c), 

Tables III(d), IV(d), and V(d) present the harmonic analysis of the section 
aerodynamic loading given in tables III(b), IV(b), and V(b). 

The blade flapwise bending moment is shown in tables III(e), IV(e), and V(e), 
the chordwise bending moment in tables III(f), IV(f), and V(f), and the torsional 
moment in tables III(g), IV(g), and V(g). In the tables, a positive sign indi- 
cates compression in the upper surface of the blade for flapwise bending moment, 
compression in the trailing edge of the blade f o r  chordwise bending moment, and 
couple tending to rotate blade nose up for torsional moment. 
horn load indicates a down load on the end of the pitch horn. 

A positive pitch 

11 
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TABLE I.- PRINCIPAL DlMENSIONS AND APPROXIMATE PHYSICAL CFLARACTERISTICS 

OF TEST HELICOF’I%R AND ROTOR 

Tes tweight ,  l b  . . . . . . . . . . . . . . . . . . .  
Number of blades . . . . . . . . . . . . . . . . . .  
Rotor-blade radius,  f t  . . . . . . . . . . . . . . .  
Flapping-hinge o f f se t ,  f t  . . . . . . . . . . . . . .  
Weight per  blade (approximate), l b  . . . . . . . . .  
Main ro to r  blade: 

Type . . . . . . . . . . . . . . . . . . . . . . .  
Twist, deg . . . . . . . . . . . . . . . . . . . .  
A i r f o i l  sec t ion  . . . . . . . . . . . . . . . . . .  

Blade chord, f t .  . . . . . . . . . . . . . . . . . .  
Rotor so l id i ty ,  a . . . . . . . . . . . . . . . . . .  
Approximate rotor-blade mass constant, y . . . . . .  
Normal rotor-blade t i p  speed, f t / s e c  . . . . . . . .  
Normal ro to r  angular velocity,  radians/sec . . . . .  
Test d i sk  loading, lb / sq  f t  . . . . . . . . . . . . .  
Mass moment of i n e r t i a  of blade about flapping hinge, 
Forward r o t o r  shaft tilt, deg . . . . . . . . . . . .  

. . . . . . . . . .  11,805 . . . . . . . . . .  4 

. . . . . . . . . .  28 . . . . . . . . . .  1 
175 

. . . . . . . . . .  -8 

. . . . . . . . . .  1.367 

. . . . . . . . . .  0.0622 
9.7 
623 . . . . . . . . . .  22.2 . . . . . . . . . .  4.79 

s iug-f t2  . . . . .  1,176 
3.0 

. . . . . . . . . .  

. A l l  metal, constant chord 

. . . .  Modified NACA 0012 

. . . . . . . . . .  . . . . . . . . . .  

. . . . . . . . . .  



TABU 11.- FLIGHT CHORDWISE PRESSURE-ORIFICE LOCATIONS 

~~~ 

r / R  = 0.25 

0.042 
.158 
300 

.600 

.910 

x / c  at - 
r / R  = 0.40 r / R  = 0.55 r/R = 0.75 r/R = 0.85 

0.042 0.017 0.017 0.017 
.158 090 .090 ,040 
.300 .168 .168 * 090 
.600 ' 233 233 .130 
.g10 335 - 335 .168 

,625 .625 * 233 

0.017 
-090 
.168 
* 233 

0.017 
,090 
.168 
233 

r/R = O.gOlr/R = 0.95 

' 915 * 915 ' 335 
.500 
,625 
* 769 

i * 915 

' 335 * 335 
.625 

14 



TABLE 111.- REDVCED FLICET TEST DATA FOR = 0.18 



TABU3 111.- REDUCED n I G H T  TEST DATA FOR p = 0.18 - Continued 

(a) Differential pressures - Concluded 
Ap, lb/sq in., at - 

r/R = 0.55 *now 
deg 

*nom r / R  = 0.75 
. 
r/R = 0.84 

deg 

16 



TABLE 111.- REDUCED FLIGHT TEST DATA FOR p = 0.18 - Continued 

(b) Section aerodynamic loading 

deg 

Section aerodynamic loading;, 1, Ib/ in . ,  a t  - 
Inom, 

r / R  = 0.25 r / R  = 0.40 

36 
51 
66 
8; 

21 I ;::E 
3.010 
3.418 
3.695 
4.099 

1'1 1 
156 
171 
186 
201 
216 
231 
246 
261 

291 
306 
321 
336 
351 

276 

6.367 
7.507 
7.451 
7.842 
7 829 
7.888 
8.252 
10.128 
11.141 
11.054 
10.561 
10.496 
9.144 
7.665 
6.056 
4.639 
3 . 478 
2 868 
2.343 
2 e 224 
2.487 
3 125 
4 363 
5.703 

7 .O 84 
6.493 
5.819 
4.921 
3.235 
1 e897 
942 
e507 
255 . 199 
309 
e465 
522 
262 
e450 

1 I 

n 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

r / R  = 0.55 

%,s, aee 

3.9331 

0 
.0653 

- 5508 

-0530 
-.0408 
-SO041 
-.0122 

.0204 

.0653 
-.0041 

12 129 
12.139 
12.139 
11 e741 
11.001 
10.600 
11.557 
13.691 
14.190 
14.958 
14.501 
13.722 
12.637 
10.897 
9.655 
8.483 
7.484 
6.689 
6.058 
5 e639 
6.258 
8 a 166 
10.418 
11 a925 

- 

r / R  = 0.75 

21.435 
19. 442 
18.045 
16.516 
14.816 
13.027 
13.105 
15.911 
17.217 
17.580 
19.590 
19.872 
20.057 
19.673 
19.303 
19.802 
20.451 
14.820 
14.464 
13.905 
13.969 
16.530 
20.073 
22.200 

r / R  = 0.85 

26.176 
21.953 
19.095 
17.229 
15.219 
13.823 
14.751 
18.215 
21.525 
18.261 
18.161 
19.350 
20 704 
21.148 
21.369 
22 596 
23.824 
25.588 
18.016 
18 286 
19.578 
23.511 
27.919 
29.218 

(c)  Harmonic analysis  of blade root  motions 

n 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Pi tch  motion I Flap motion 

h,s, deg 

13.6860 
* 6950 

- - 0263 

0 
-SO350 

.0058 - .0088 

.0029 

.0204 

.017 5 

.0818 

-- 
-4.8005 

.OS26 

.0847 -. 0380 
- e  0117 

.0204 

.0117 
0 -. 0058 

.0058 

-- 
-. 5794 

.0367 
- .0490 
- .0041 

0 
0 

.0163 

.0122 
- -004.1 
- .0082 

r / R  = 0.90 

26 086 
21.741 
18.449 
16.326 
14.460 
13.013 
14.719 
21.578 
18.261 
16.432 
16.496 
18.397 
19.496 
20.751 
21.323 
22.583 
23.952 
26.775 
24.640 
20.061 
21.837 
25.614 
29.370 
30.593 

r / R  = 0.95 --- 
24.619 
20.203 
17.225 
15.825 
14.529 
10.966 
22.167 
19.107 
15.996 
13.506 
13.246 
15.186 
16.559 
17.585 
18.297 
19.128 
20.257 
22.489 
24.879 
17.813 
19.572 
23.456 
27.003 
28.102 

Lag motion - 
5.9872 - -1296 
- a  0176 

.0189 1 .0054 
0054 

.0027 
- .0027 

1 .0040 

Fn, de@; 

-- 
.0486 
.0n0 

- -0148 
- -0148 

.0014 

.Ol@ 

.0068 . 0027 
- a  0027 
- . ool4 



TABLE 111.- FEUJCED PLIGET TEST DATA POR - 0.18 - Continued 

(d) Blmonic analysis of section aerodynamic loading 

.95 

.95 

.95 

.95 

.95 
095 
-95 
.95 
.95 
095 
.95 

0 
1 
2 
3 
4 
5 
6 
1 
8 
9 
10 

- 
n 
- 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

- 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

- 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 - 

- 
n 
- 
0 
1 
2 
3 
4 
5 
.6 
1 
8 
9 
10 

- 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

- 
0 
1 
2 
3 
4 
5 
6 
1 
8 
9 
10 
- 

Ig, 
lb/in.  lb/in. I &l> 

lb l in .  
%9 

lb/in.  
rh, 

lb/in. 
41, 

lb/in. '1R 

e25 
a25 
e25 
~ 2 5  
e25 
-25 
e25 
e25 

-25 
-25 

023 

-40 
e40 
40 
a40 
40 
40 

e 4 0  
40 
40 
40 
40 

.55 

.55 

.55 

.55 

.55 

.55 

.55 

.55 

.55 

.55 

.55 

.15 

.15 

.15 

.15 

.15 

.15 

.15 
e15 
.15 
-15 
.15 

11.5751 
-04198 
3.2918 
1.4580 
-e3061 - .2044 
-2804 

-.1942 - 1390 
,2521 

-e0914 

2.8102 
-1.4148 
,3988 

-e0492 
a0068 
-0476 
,0891 
e0132 
.loo0 - a0462 
e0321 

19.0114 
2.8630 
e5089 

2 1299 
1.5810 
-1.4211 
-e9404 
e1548 
.9459 
-e4279 
-1.0355 

-e5218 
e1062 
-e3269 
-e5331 
-e0831 
-.5945 
-.OS60 
-3905 
-e2632 
-.1481 

- 3.3416 
-.9385 
-1.1947 
-a4318 - .H10 
-e5196 - e0961 
-1379 
,2247 
-e1433 

2.6180 
-a6191 
-5546 
-1418 
-1381 
1627 
,0393 
e0845 
e0138 

-e0290 

3.5435 
-e5205 
-3078 
,1064 - 1338 

-e0170 
,1255 

-.0242 
.0211 
-0189 

085 
085 
.85 
.85 
.85 
.a5 
.85 
.85 
.85 
.85 
. I 5  

20.6497 
1.1491 
2.5864 
2.6535 
-.1181 
-1.2346 

e6495 
-1737 

-a4842 
moo38 
-3122 

6.6921 
-1.4965 
1.1516 
-2838 
.0002 

-e1245 
e1183 

-e0036 - ,0963 
-e0295 
'e0409 

-3.0276 - .e221 
-1.1921 

-e8616 
-a6520 
-e0508 
-e0662 
-e3481 

-2683 
-2851 

10.6948 
-e6839 
1.7901 
,7451 

-.0949 
-e2419 
-.OS24 
e0261 
.0212 

-e0939 
,0494 

20.9566 
1.9283 
1 5409 
2.547b 
6910 

-1.5371 
-e0748 
e6984 

-e2191 -. 462 1 
-0896 

a90 
a90 
e90 
e90 
90 
e90 
90 
-90 
a90 
-90 
-90 

3.17~17 
-.8026 
e1553 

-a1251 
-e1839 - 1460 
e0047 
-0427 

-e0226 
-e0683 

- 4.5625 - 1.1111 - 1.3341 
-a6533 
-.1966 - .4344 
a2840 

-.0178 
-e3629 
-e0412 
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TAE&E 111.- IBIUCED FLIGHT TEST DATA FOR @ = 0.18 - Concluded 

(e) Flapwise bending moment 

r / R  0.375 
1519 
1935 
2269 
1329 
597 
127 

-506 
-1926 
-1374 

154 
696 
570 

-470 
127 
814 

2649 
2992 
3037 

~ 3697 
3960 
4023 

~ 3218 
I i46 1 886 

Flamfise bending m( snt. in-lb. at - 
~ 

?/R = 0.450 
- 36 
737 
1138 
403 

-198 
-1400 
-1972 
-3442 
-2239 
-904 
-1266 
-799 
-1228 
-1352 
-465 
1433 
2149 
2693 
3494 
3723 
3609 
1853 

3 Z i  
-23b 

~ 

/R = 0.650 
-4286 
-4116 
-2505 
-1500 
-2664 
-4196 
'6544 
-5062 
-4405 
-5470 
-5400 
-5360 
-4296 
-4753 
-4793 
-3.69 
-604 
2023 
3465 
3137 
321 

-2037 
-3as0 
-4116 

? / R  = 0.800 
'6721 
-5805 - 3823 
-2144 
-2218 
-4974 
-5392 
-4419 
-5528 
-6517 
-6804 
-6187 
-5957 
-4906 
-6501 
-7254 
-5010 

256 
3185 
1543 - 2343 

-6676 
-53lra 
-6098 

"-. 

? / R  = 0.92: 
-5818 
-4285 - 3614 
-2613 
-2037 
-3679 
-3212 
-4190 
-4132 
-3665 - 4373 
-3811 
-4234 
-3-5 
-4387 
-5205 
-4709 
-30 88 
-1205 
-1453 
-3504 
-5227 
-52115 
-5884 

r/R = 0.575 
-1707 
-1056 
-343 

71 
-915 
-2420 
-3740 
-3572 
-2552 
'2569 
-2868 - 2358 
-1504 
-2332 
-1689 
-580 
1250 
2834 
3193 
3864 
2605 
194 

-1592 
n.C - = * J  

./R = 0.150 

1808 
2868 
1682 
1260 
1443 
1203 

850  
725 
-244 
1067 
2720 
1397 
896 
97 5 
2674 
2058 
2560 
2207 
1112 
1796 
2252 
1716 
1511 
371 

-/R = 0.277 
1535 
2030 
1823 
1064 
462 
421 

-850 - 1287 
-157 
ii62 
363 

-553 
347 
1271 
2195 
2475 
2269 
2401 
2830 
2879 
2624 
1172 
759 

- % A  7 
a... 

(9) made torsional moment 
and pitch horn load 

I I 1 i 
(f) Chordwise bending moment 

-~ ~ 

oment, in-lb, at - Eh I 
load, lb 

Ch0: wise bending l'orslonal moment, 
In-lb, at - r / R  = 0.375 

-7730 
-7489 
-5307 
-2393 
-602 
-309 

-2051 
-2149 
-2702 
-1563 

33 
22 14 
2230 
-521 
-2572 
-6561 
-7961 
-7310 
-8921 - 8270 
-7179 
-5421 
-5161 
-5568 

- r /R  = 0.150 
-6741 
-7767 
-5113 
-4446 
-2573 
-1012 
-1206 

259 
1513 - 34 
-490 
569 
178 

-717 
-1759 
-5032 
-b936 
-6904 
-10030 
-12065 
-10551 
-9753 
-7750 
-5113 

r / R  = 0.575 
1451 
1643 
2571 
6203 
7003 
5627 
5051 
3003 
2971 
5093 
7403 
8683 
8987 
7307 
3675 
2715 
1387 
27 

1899 
2587 
3131 
4443 

, 4315 
1 1883 

r / R  = 0.50 r / R  = 0.15 
5 03 
397 
464 
591 
569 
38 9 
382 
455 
368 

-1 56 
-422 - 505 
-544 
-479 
-412 
-191 
-304 
-202 
-251 
-609 
-780 
-448 
147 
5 56 

14036 
14064 
15445 

6 
21 

485 
494 
507 
5 56 
723 
503 

157 
139 
153 
166 
150 
128 
96 
80 
38 
2 

-17 
-27 - 29 - 39 - 14 

1 

36 
5 1  
66 15518 

14631 
14576 
13469 
14118 
14933 
16003 
15875 
16360 
16433 
14539 
15390 
14686 
13139 
14603 
14713 
14732 
15464 
15601 
13853 

81 
. 96 
111 
126 
14 1 
15 6 
171 
156 

510 
513 
345 - 80 

-382 
-324 
-365 
-411 
- 469 - 364 - 423 - 229 
-289 - 448 
-515 
-219 
2 15 
7 19 

20 1 
216 
23 1 
24 6 
261 
27 6 
291 
306 
321 
336 
3 5 1  

50 
35 
68 
129 
157 



TABLE IV.- REDUCED FLIGHT TEST DATA FOR p = 0.23 

</c=.168 

2.867 

2.920 
2.039 
2.336 
2.119 
1.839 
2.009 
1.693 
1.754 
1.637 
2.091 
2 .378  
2.321 
2 .201  
2.052 
1.999 
2.098 
1.903 
1.985 
1.740 
2.268 
1.528 
2.403 

2 . ~ 9 9  

(a) Differential pressures 

I Ap, lb/sq in., at - i 1 

x/c=.233 

2.254 

2.166 
1.922 
1.589 
1 . 4 3 6  
1.205 
1.177 

.991  
1.125 
1.243 
1 .573  
1.790 
1.A17 
1.777 
1.686 
1.645 
1.747 
1.573 
1.637 
1.361 
2.278 
1.117 
1.825- 

2 .185 

:/c=.017 
5.572 
8.901 
9.174 
7.188 
5.750 
4.416 
3.468 
2.742 
4.150 
4.298 
4.787 
5.706 
7.202 
8.047 
7.766 
7.321 
6.356 
5.083 
2.742 
2.164 
3.957 
3.290 
4.150 
7.855 

X/C=.O40 

5 .253  
5.705 
5.816 
5.065 
4 .193  
3.221 
2.349 
1.808 
2.868 
3.000 
3.332 
3.939 
4 .855  
4.94Z 
4.712 
4.380 
4.193 
3.972 
2.150 
1.554 
2.537 
3.144 
3.332 
4.9511 

x/c=.233 

2 .057  
2 .097  
2.337 
2 .080  
1.764 
1.384 
1.131 
I . O l d  
1 . 1 6 1  
1.295 
1.439 
1.775 
2.097 
2.150 
2.063 
1.951 
1.881 
2.107 
1 .703  
1.000 
1.292 
2.614 
1.730 
1.970 

x/c=.335 

1.654 
1.004 
1.56s  
1.197 

. 9 6 7  

.744  
- 5 4 8  
.459 
. 6 7 9  
.E21 
.912 

1.095 
1.307 
1.526 
1.258 
1.161 
1.106 
1.198 
1.075 

- 6 3 6  
.650 

1.489 
1 .095  
1.072 

I deg I r / R  = 0.95 ? = 0.90 

:IC=. 168 

5.021 
2.fl74 
2.874 
2.550 
2.102 
I .  663  
1.Z97 
1.272 
1.301 
1.492 
1.610 
1.926 
2.426 
2.514 
2.396 
2 .271  
2. I54 
2.279 
2 .102  
1.661 
1.404 

1.659 
2.301- 

2 .520  

; /~= .233 

2.474 
2.362 
2.524 
2.294 
l.f!79 
1.543 
1.1z0 
1.327 
1.397 
1.5Z7 
1.599 
1.034 
2. I 2 6  
2 .120  
2 .008  
1.907 
1.851 
1.907 

1.498 
1. ZOI 
? .Z34  
1.464 
1.941 

1 . ~ 0 6  

~ / ~ = . 0 1 7  

b.784 
7.458 
7.943 
6. I O 7  
k . 6 4 1  
5.449 
2.560 
2.374 
2.531 
3.029 
3.42C 
4 .377  
5.872 
6.380 
6.458 
6.781 
6.869 
5.921 
3-86?  
? .332  
3.742 
3 .215  
4 .641  

- C. 129 

</c=.@0 

4.411 
4.215 
3.953 
5.422 
2 .727  
2.052 
1.655 
1.482 
1.63Z 
1.928 
2. I44 
7.609 
3.304 
3.455 
3.189 
3.199 
3.127 
I .  Z56 
2.917 
2.210 
2.124 
Z.007 
2.Z87 
3. ?27- 

x/c=.915 
__L 

. ? I 9  . 0 9 9  
.Ob9 
.04? 
-006 

-.006 
- . 022  
-.014 

. @ 2 2  

.e26 
- 0 4 9  
. 0 9 1  
. I 1 8  
. I 3 2  . I34  
. I 3 4  
.146  
. I56  
. I 1 9  . 162 
. 2 1 1  
.751  . 400 
. I 7 0  

d c = .  335 
1.343 
1.14Z 
1.116 

.594 

.418 
, 2 6 9  
, 2 5 6  . 7 30 
. 3 5 5  
- 4 6 1  
- 7 2  3 
. 9 5  1 

1.020 
1.043 
1.014 
1.000 
1.106 

.951  
1.014 

. 7 7 9  
1.712 

. 7 6 6  

.961  

.e91 

< / ~ = . 6 2 5  - 
. 6 1 8  
- 4 1 6  
. 5 4 J  
. 4 8 3  
- 3 8 8  
- 3 4 0  . ZOP 
- 2 9 3  
- 1 1 7  
- 3 6 8  
-404 
. 5 2 3  
- 6 1 4  
.626  
. 614  
. 5 9 0  

- 6 0 6  
.511  
- 5 5 1  
.527  
- 8 3 9  
- 5 6 5  . 4 36 

.586  

-~ 

I *nom I 
.90 
c/c=.915 

. T I 7  

. I 9 3  

. 0 3 1  

.ooo 

. 0 6 0  . 1 0 3  

. I 2 4  

. I O 8  

.094  

. 0 6 5  
- 0 2 5  
- 0 6 3  
.094  
- 1 0 5  
* 1 I 4  
. I 1 9  
. I 3 5  
. I 5 9  
- 1 7 3  
. 2 4 5  
- 2 5 0  
- 3 0 6  
.277  
.2 6 _ L _  

*nom> I Ap, lb/sq In., at - 

x/c=. 625 

. a 1 7  

.54  1 
- 5 8 6  
- 5 5  I 

__ c/c=.090 
4.930 
4.045 
4.271 
5.789 
3.280 
2.668 
2 .137  
1 .783  
2 .521  
2.688 
2.084 
3.288 
3.799 

3.681 
Z.425 

3.534 
2.245 
1.616 
2.058 
3.347 
3.012 
3.661 

3.06e 

3.278 

x / c = . ~ ~ o  

4.098 
3.123 
3.248 
2.940 
2.341 
2. 144 
1.664 
I .  352 

1.830 
2. I44 
2.490 
2.974 
3.0 37 
2.888 
2.720 
2.610 
2.874 
1.990 
1.376 
1.693 
3.090 
2.451 

1.075 

2.- 

x/c=. l@ 

3.212 
2.397 
2.584 
2.331 
1.918 
1.677 
1.256 
1.006 
1 .458  
1.548 
1.680 
1.992 
2.566 
2.405 
2 .275  
2.117 
2 .015  
2.241 
1.579 

. 8 9 7  
1.244 
2 .577  
1.782 
2.086 

/c = :500 

- 7 5 1  
.54  3 
.691 
. 5 5 8  

f 
. 6 4 6  
- 6 1 7  
. 614  
.632  . 591  
- 6 9 9  .717  
- 4 2 9  .500  
. 416  .531 
- 8 1 0  .687  
-649 
.624  . 6 x  

I 
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TABLE N.- F3DUCED FLIGHT TEST DATA MR )I = 0.23 - Continued 

x/c=.017 x!c=.% 
6.014 4-26.! 
7.076 Z.889 
7.330 3.715 
6.661 3.367 
5.799 5.029 
4.737 2.482 
3.581 1.830 
2.774 1.805 
2.879 2.164 
4.024 2.964 
4.825 3.094 
5.395 3.372 
6.058 3.785 
6.534 3.710 
6.750 3.462 
5 .987  3.183 
'5.229 2.939 
4.427 2.318 
3.056 1.378 
2.000 1.288 

- 
fc= .& - 
2.758 
2 .659  
2.519 
2.340 
2.!97 
1.824 
1.312 
1.219 
1-44?  
2.119 
2.321 
2.432 
2.625 
2.519 
2.311 
2.091 
1.902 
1.911 
1.030 
.760 
1.396 
1.852 
2. I 4 1  
2.cI( 8- - 

4, lb/sq i n . ,  a t  - 
R = 0.7: 

/c=.237 - 
2.143 
1.982 
1.969 
1.C63 !. 703 
1.460 
1.152 
1.075 
1.731 
1.656 
I .  790 
1.879 
2.057 
1.942 
1.775 
1.601 
1.418 
1.656 
-670 
.564 

1.066 
1.403 
1.674 
1 .+58 - 

+=. 335 - 
1.636 
I. 394 
1.375 
1.270 
:. :07 
.880 
-627 
-595 
.743 

1.086 
1.199 
1.336 
1.480 
1.441 
1.328 
1. 199 
1.090 
1.504 
.871 
.54 1 
-785 
1.071 
1.27b 
1.128 

(a) M f f e r e n t i a l  p ressures  - Concluded 

I I 
*nom> 

deg 

1.212 
1.338 

<IC=. 625 

.690 

.543 

.554 

.525 
.kk5 
.335 
.?47 
.2  34 
.327 
.445 
. 5 1 0  
.582 
. 651  
.623 
. 567  
.510 
-463 
.4 79 
.543 
.499 
.329 
-460  
.57b 
- 4 8 4  

x!c=.915 

.I75 

.095 
-060  
.058 . c 3: 
-005 
. 015  
.015 
-053 
- 0 8 6  
.I19 
. 1 3 1  
-142 
.I31 
. I 1 6  
- 1 0 7  
. I  I4 
. l o 2  
.2B7 
-105  
.086 
.I10 
.I76 
-107 

i/c=. 017 
5.275 
3.603 
3.496 
3.325 
2 . 2 : s  
2.34a 
2.033 
1.888 
3.035 
5.401 
5.389 
5.565 
3.628 
3.849 
.570 
.853 
.SO7 
-809 
. 6 3 3  
-778 
.992 
1.434 
1.490 
2.260 -- ~ 

r / R  = 

c/c=.Ogo 

1.576 
1.588 
1.623 
1.510 
1 . 7 5 5  
1.071 
.920 
. e51  
1.494 
1.659 
1.645 
1.740 
1.790 
1.921 
.847 
.472 
.611 
.242 
.113 
.I87 
.371 
.564 
.617 
1.059 

55 
xlr=.IFB 

1.097 
1.061 
1.074 
1.023 

. 668  

.677 

. 620  

.96B 
1.139 
1.130 
1.206 
1.757 
1.328 
1.080 
-433 
.649 
.322 
.IO7 
- 1 6 6  
.305 
- 4 2 4  
.445 
.733 

0 0 "  . Y Y "  

'R = 0.55 I 

.438 

.409 

.415 

.428 

. 4 0 3  
-349 
.304 
.298 
.393 
- 4 5 0  
.463 
.491 
.517  
-444 
.532 
.748 
- 4 2 1  
.345 
.203 . I30 
* 193 
- 7 1 9  
.247 
- 3 1 3  

1.552 
1.436 
1.245 

. o a i  .a73 

.a86 1.333 

.114 1.488 

.I24 1.896 

.126 2.176 

.I19 2.207 

.I14 '2.060 

.125 1.680 

.120 1.147 

.379 .734 
-229  -407 
.074 .205 
.026 .IO2 

-.004 .047 
-014 . l o 8  

IC=. 158 -- 
-525 
-701 
-781 
.837 
-778 
-705 
- 6 1 4  
.807 
.867 
1.051 
1.241 
1.245 
1.161 

- 9 6 2  
-733 
-530 
.372 
. 259  
-201 
-210 
- 2 2 5  
.290 
.359 
.1117 

AP, lb/sq in . ,  at - 
R = 0.4C 
/ c = .  300 
.255 
.342 
. 3 9 5  
.429 
.396 . Z56 
.294 
.387 
-474 
.bo4 
.714 
-705 
.6 35 
.491 
.338 
.212 
. 115  
.039 
.007 
.014 
.040 
.086 
.I32 
-181 -- - 

/c-.6oO 
.268 
-275 
.306 
- 3 1 8  
.300 
.290 
.270 
.325 

.426 

.469 

.465 

.422 

.350 
-272 
-204 
. 157  
.124 
-113 
.133 
- 1 5 6  
.165 
.I70 
,233- 

__c 

-380 

- 

- 
/C..?lO - 
.OP3 
.092 
.IO1 
.IO6 
.I05 
.IO5 
.IO1 
. I16  
.I34 
.I50 
. I 4 3  
.I35 
.I21 
.099 
.OB1 
.Ob0 
.OS6 
.034 
.035 
.038 
.Ob1 
.OS6 
.Ob0 
.m - 

- 
/ c= .  042 

.558 

.795 
-763 
.e20 
.736 
.677 
1.058 
1.107 
1.273 
1.383 
1.523 
1.497 
-977 
.644 
.287 
.144 
.I32 
.142 
.I24 
-123 
.I44 
.IO0 . IO4 

7 3 8  - 

_- - 

r/R = 0.25 I *nom, - 
L/c=. 1% - 
.130 

174 
.351 
-305 
.339 
-298 
-271 
.495 
. 501  
.594 
-642 
-768 
.711 
.558 
. 395  
.278 
-082 
- 0 2 0  

-.013 - .020 
- -009 

. 012  
~ .013 
~ -. -008- - 

.Ob2 .I32 .02Z - 0  
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TABLE IV,- REDUCED FLIGHT TEST DATA FOR p = 0.23 - Continued 

4.902 
6,217 
7.190 
7.717 
7.202 
6.565 
5.449 
7.233 
8.288 

10.058 
11 -455 
11 -427 
10.492 
8.519 
6.192 
4.251 
2.778 
1 749 
1, 308 
1 e385 
1.822 
2.371 
2.940 

i 3.851 

(b) Section aerodynamic loading 

Section aerodynamic loading, 1 ,  lb / in . ,  a t  - 

n An,s, deg &,s, 

r / R  = 0.25 I r / R  = 0.40 I r / R  = 0.55 r / R  = 0.75 r / R  = 0.90 r / R  = O.% ./R = 0.85 

27.849 
23.971 
25.358 
21.942 
17.768 
13.901 
10.551 
8.652 

12.821 
14.593 
16.218 
19.513 
23.417 
24.373 
23.222 

20.313 
20,569 
16.632 
11.361 
13.458 
21,566 
20.122 
22.283 

21.667 

1 864 
2.450 
3.533 
3.290 
3.505 
3.196 
2.972 
4. 867 
5.150 
50 869 
6.365 
7.323 
6.954 
4- 965 
3. 072 
1. 495 

.595 
0 237 . 159 

143 
464 . 749 
458 
596 

12.575 
12.360 
12,481 
12.173 
10.963 
9.143 
8.194 
7.703 

11.458 
13.182 

13.887 
14.451 

13.233 

14.535 
11 -839 
10.467 
8.237 
6.369 
3.238 
3.100 
4.482 
5.713 
6.056 
8.809 

0 
15 
30 
45 
60 
75 
90 
105 
120 
13 5 
150 
165 
1go 
195 
2 10 
225 
240 
255 
270 
285 
300 
3 15 
330 
345 

25.266 
23.387 
23.014 
21.234 
18,768 
15.111 
11.180 
10.203 
12.326 
17.362 

21.237 
23.550 

19.337 

23.258 
21.937 
19.808 
17.942 
18.171 
12.843 
9.533 

12.414 
16.656 
19.338 
18.731 

29.248 

25.370 
21.505 
16,835 
12.953 
10.408 
9.701 

10.415 

13.858 
17.460 
21.852 

22.365 
21.714 
21.435 
21,579 
18,560 
16.796 

24.421 
17.270 
23.265 

25.863 

12.330 

22 802 

15.585 

28.040 
25.552 
24.595 
20.866 
16.254 
13.712 
10-994 
11.493 
9.860 

11,348 
12.553 
16.625 
20, 198 
20.937 
20.853 
20.089 
19.816 
21.084 
19.047 
19.947 
18.049 
240 587 
18.733 
22.694 

( c )  Harmonic analysis  of blade root  motion 

Lag motion 

En, deg 

9.3690 

.017 5 

.W66 

- -6587 

-SO175 
- -0016 

0 

- -0160 
- -0032 

.0096 

.0064 

Fn, deg 

.2&2 

.0612 
- .O644 
.0094 
-0345 
0 
0 

- a  0032 
- -0016 

-- 

.0096 

n 

0 
1 
2 
3 
L 
5 
6 
7 
8 
9 

10 

15.1404 
3.5011 

.1814 

- .1302 

.1860 

.1860 

.1581 

.0558 
- .0046 

-. 3302 

-. 1581 

-- 
-7.5l4.4 

.3348 
- .0140 
- .0046 

.2558 

.2930 

.2139 - .0698 
-a0930 
- .0884 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

4.2127 
- -8507 
- .3906 

.1268 - 0941 

.CY736 

.0102 

.0164 
* 0409 
.0225 - 0245 

-- 
- ,7894 
- -5092 
- .0818 

.0389 

.0941 

.0634 

.0164 

.0368 

.0102 

.0061 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
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.95 

.95 

.v5 

.95 

.95 

i 
2 
3 
4 
> 

3.2715 
3.4605 

.0n73 

. 5 8 7 8  
-.5791 

-3 .6602 
?.4678 
.5304 
.7086 
.3513 

s of section aerodynamic loading - 
n 

- 
n hJ 

lb/in. 
h9 

lb/in. 
%> 

lb/in. 
%. 

lb/in. 

1 

4 

6 
7 
c 
9 

IO 

- 
C 
I 
2 

4 
5 
6 
7 
0 
> 

10 

- 
0 

I 

I 
4 

6 
7 

? 
IO 

a 

2.9275 - 1 .  S69O 
J 
1 

5 
4 

6 
7 
9 
Y 
IC 

- 

I 

5 
4 

6 
7 

9 
1 G  

> 

e 

- 
0 
1 

I 
4 

6 
7 

V 
I C  

3 

- 

1 R . U? 5-2 
-0295 

5.4 I I I  5 

.75 

.75 

.75 

.75 

.75 

.75 

.72 

. 7 5  

. 7 5  

.75 

.75 

. e5 

.85 

. a 5  

.85 

.05 

.85 . E5 

.05 

.e5 

.9G 

.90 

.?O 

.90 

. v o  

.70 . vc 
.90 
.30 
.90 

.x 

.25 

.75 

. 2 5  

. 2 5  

.:5 
. 2 5  
.?5 
.?5 
.:5 
. 2 5  
.25 

.40 
.40 
-40 
.40 
- 4 0  
.40 
.40 
.40 
.40 
a 40 
.40 

.55 

.55 

.55 

. 5 5  

.55 

.55 

.55 

.55 

.55 

.55 
5 5  

2.1646 
- . 3 6 4 4  

.I4991 

.I710 
-049s 

-.0206 . 1456 
-.0161 
-.OP33 
-.1144 

-.0504 
2.7447 

.6499 
-.9070 
-.1126 
1.099V 

.181? 
-.OB48 

. I 9 3 4  

.1112 

1.  I259 
-.5'08 

. 0 7 l 9  
-.25C6 

.IO41 
-.4 119 
- . 2 5 0 6  

. 2 1 0 0  

.4?77 

.462 I 

. 0 2 9 5  

. 5 6 5 6  

. 16411 

.Ol40., 
- . 0 0 8 9  
-.0'15 

.1?13 

. 7 5  I 5 I .4%35 I -4593 

5.89CC 
-2.1574 

1.91i41 
-.5bGl 
-.2?55 
-.055c 

18.C303 
1.2581) 
5.416t 

.4740 
-.3c5v - .1)407 

. 7 7 3 5  

.54@6 

.9307 

.5.'26 

.2VO< 

3.1566 -. 1561 
.7872 -. 0807 

-.c471 
-.L3?0 

-0417  
.Oh66 -. 1080 
.0068 

- 2 -0279  
3.2310 

- 5 3 0 5  
-.5594 
- . 4 l 3 6  
1. I275 

.?E79 
-.6327 
- . 3 R B 4  
-.z 349 

-075; 
.03M9 

-.0715 
- . a251  

. 095 i  Il - 

9.7770 

5 . 3 7 2 1  
.2178 

- 1 . 7 6 7 3  
16.8995 

2 . 4 7 3 )  
4 . 4 2 9 0  

2.6359 
1.2815 

.5155 

.0910 -. IOV2 

.4302 -. 1865 -. 1647 

.03?4 

.004V 

3.11 50  7 
3.2505 

.be53 

.306 3 

. I736  

.7v22 

.I560 
- . 5 2 0 0  
-.bo55 
- . a 7 9 5  

. 41 '15  

. I l l 7  
-.4551 

. 6 7 8 2  
.8C91 

1.1051 
. 6 5 6 3  
-4056 

-.3748 
.1741 
.5P37 
.IO22 
. 2 2 2  1 
. I 778  

-.0273 
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TABLE IV.- REDUCED FLIGHT TEST DATA FOR p = 0.23 - Concluded 

*nom7 
aeg 

0 
15 
30 
b5 
60 
L5 
90 
105 
1 PO 
135 
15_0 
165 
180 
195 
2 10 

(e)  Flapwise bending moment 

Flapwise beriding momer l t ,  in-lb, at - 
r / R  = 0.150 r / R  = 0.275 r / R  = 0.375 r/R = 0.450 r / R  = 0.575 

;49 - 1  16 -99 - 1  60 - 1  1 4 5  
2 35 5 0 3  515 1 4 6  - 369 
?610 3457 4502 3 7 c 4  - 1  ;4 
5t3 10 3145 1716 64? -1549 

40516 2516 2 2 0 6  14 72 105 
7 2  zo 347 -45 -c75 - 2 0 1 6  
1 ’ 1 1  -1 757 -1362 - 7 0 6 8  - 2 1  5 C  

2Z17 - h 3 5  -2667 -4586 - 6 3 P 1  
-1041 -2236 -2323 - 2 7 4 5  - 4  7165 

>19 -7 37 -2549 -5647 -41r62 
1587 u -967 -2J12  -1,717 
669 - zco -2c9 -7e9 -5587 
1729 h 33 2 O E  -1 c s7 -4 504 
2 3 4 4  156C 5 1 5  - 1  114 - 354 7 

5n4 1576 1989 1107 - 1  356 

1‘54 - R‘,O - I t 9 0  - .IT03 -5733 

1261 
1512 
1056 
-243 
1 5 1 2  

3 4  5035 

$nom’ L 

2354 2305 2121 72 1 
2330 3714 4048 2604 
1508 4574 4937 5 1 5 5  
2 7 4 5  4176 4 0 4 9 4751 
173: 2‘35 3304 462F 
1’70 2 7 0  3 37 33 424 1 
3647 4 34F  5746 - ?  1 2  
s7 3 5  274L 5 75 - 56 70 

I 

deg 

P 
15 z; 
ho 
75 
90 
13: 
120 

150 
165 
180 
1_95 
2 19 
2?5 
240 
755 
270 
2,S5 
300 
3 15 
320 3 5 

nom 
r / R  = 0.150 r / R  = 0.500 load, lb 

2093 1 3 ’L ?75 
2264 1 E C P  2 64 

3.73 5 $ 2  ,135 
1321 1127 1 65 
1297 7 7  1 .? 34 

€!e3 3). 7 14P 
h I C? 82 679 

187 1 i7 > J  

2vs 155 7 
6 r  1 4  -38 

-960 -6bO -1 19 
-772 -e4  - 7 O q  

-517 - 169 -2 1 
-29 1 -7(,4 - 52 
- 2 9 2  - s i 2  -67 
-1463 - 1  317 - 1  74 
-7022 - 1  9 55 -194 

- 3 3 9 3  4741 -294 
-2518 -2 196 - 299 

-34 -4 9 @  27 
12t3 35 270 

-22P2 - 1 0 3 5  - 223 
-2lVd -1 e54 -199 

7 c  

-845 - 1  122 -70 . 

r / R  = 0.650 
- 5 ? 3 1  
- 7 5 5 4  
- 5 b  70 
- 4 1 2 6  
-15e7 
-2  1 d 6  
- 324 1 
-7191 
-1?11 
-6062 
-6554 
-7677 
-711 50 
-7271 
- 5 2 3 1  
-3649 
- 1 4 5 0  
1C37 
4540 
5485 
b C  72 
2 ? 2 C  

- 4 7 3 6  
- 6  53: 

I-/R = 0.150 
-323 

19 
- 2 2 2 8  
2005 
6531 
10943 
4756 
2607 
31 44 

17 
6 06 

1 3 5 4  
-1886 
-5386 
-65 10 
-10970 
-14389 
-1 24 36 , -13363 
1-13396 
-10173 
-10921 
-5728 
-31 40 

(9)  Blade tors iona l  moment 
and p i tch  horn load 

r/R = 0.375 r / R  = 0.575 
- 7 2  14 -t 
-12405 - 6 p 9 6  
- 1 2 1 4 5  -2,“78 
-2637 14666 
2458 12314 
7082 16274 
044 7146 - 5649 2 02  

-8107 -4326 
-5731 2786 
993 b 4 5 5  
3679 1 lF34 
1751 1 1 5 1 4  

-5861 5722 
-1 1 1  19 -1766 . 
-14017 -30 14  
-14408 -2358 
- 1  4 196 -14E8t 
-13171 -3590 
-14050 -1718 
-12C59 -5270 . 
-1 1445 4778 
-1791 7706 
- 5 S 5 6  6922 

I Pitch I Torsional moment, 1 *nom’ I in-lb, a t  - 7 .  

24 



T m E  V.- REDUCED FLIGRT DATA FOR LI = 0.11 

7 " 7 7  
,.0JJ 

4.202 
Z.989 
5.556 
3.147 
2.P74 
2.814 
2.82" 
2.707 
2.991 
? . l 3 z  
3.364 
3.446 
3.525 
2.991 
2.419 
2.P21 
5.044 
3.052 

(e.) Differential pressures 

4, lb/sq in., a t  - 

, 7 8 7  
L. 1 - 1  

2 . ~ 3 2  
2 .622  
7 . 2 7 3  
2.048 
1.957 
l . 9 3 Z  
I . 9 6 5  
2.040 
2.124 
i . 2 4 2  
7 .433 
2.474 
2.590 
2.040 
1.L3l  
1 . 7 1 1  
i . 0 7 E  
2.362 

1 . 4 2 1  
1 . 5 1 3  
I . l f l 3  

. 178  

.942  

. 6 3 7  

.570  

.'.I2 
- 4 9 6  
. 484  

r / R  = 

</c=.625 

- 4 9 2  
. 4 0 6  
. 3 6 2  

. I 9 9  
- 7 5 5  
. 449  
- 6 1 7  
. 561  
. 522  
. 5 2 7  
.544  
. 5 5 3  
- 5 7 0  
.591  
- 6 0 3  
. 6 2 9  
- 7 0 0  
- 5 2 2  
. 3 R O  
. 4 l 9  
.SO9 

- 5 3 5  

;307 

. 5 5 6  

0 . 9  

x/c=.91> 

-so06 
-*034 
- -Ob0 

- . I25 
-.IO1 
-.062 
- 0 2 2  
-.005 
-.020 
-.002 

. O l l  

.016 

. 0 3 4  

.045 

.051 

.Ob0 

.IO5 

. 0 4 5  

. O l l  

. 0 1 6  

.038 

.016 

-.oa2 

. o m  

r / R  = 0.95 r / R  = 0.90 

<IC=. 017 

5.459 
4 .588  
3.665 
3.278 
2.367 
7.::6 
b .257 
7 .971  
6 .446  
5.4 12 
5.127 
5.127 
5 .317  
5.706 
6 . 1 1 4  
6.72 1 

F.637 
e. 694  
8.134 
4.757 
5.7Oh 
6 .237  
6.03C 

7.e12 

x / c = . m  

5.837 
5 .357  
3.121 
2 .850  
7 .709  

5.635 
5.4 37 
4.631 
3.981 
3 .728  
3.652 
5.726 
3.922 
4.G99 
4.310 
4.740 
4.960 
4 . 8 7 5  
4.462 
3 .205  
3 .753  
4 .074  
4.032 

r 7 1  0 
J .  .I..'> 

x/~=.91:  

.a47 

.026 

. ( I 6  . @ O Z  
-.!224 

. L i b  

.C76 

.;52 . c! 50 . C 16 . 0 L C  

.c75 . f ly4 

.IO1 

. I  IZ . 1 2 3  

. I 1 5  . 117 

. 0 ? 7  

.C67 

."75 . C 60 

. C P I  

. oao 

x/c=.@O 

2 . e 5 9  
2.431 
2.191 
I .  6 4 0  

2 . 4 5 1  
4.332 
5.612 
3.590 
z. 5 54 
3 . 5 3 4  
1.5t?o 
T.670 
5.852 
4 .073  
3.872 
3.385 
2 .794  
1.750 
2.717 
? .98?  
i . 4 6 9  
3.554 

? , 7  
..I" 8 

x/c=.017 
b . 4 U l  
5.513 
4.699 
4.176 
3.102 
!.57! 
4 .273  
e. 172 
6.481 
6.753 
6 . 6 8 5  
6 . E l I  
6 .927  
7.0P2 
7.469 
t. 118 
7.721 
6 .797  
5.494 
5.276 
4.254 
5.716 
6 .656  
6 . e s o  

2 .161  I . 87h  
l.fl96 1.70,' 
1.747 1 1 .624 
1.352 1.255 

.?70 , ! .e25 
2 . 1 1 0  7 . 1 1 7  
3.177 2.772 
2.749 1.45'3 
2 .690 1 . 7 5 2  
2 . 6 1 7  2.276 
2 .639  2 . ? 1 3  
2.661 2 .307  
2.697 2 . 3 4 1  
2 . 7 9 3  2 .385  
2 .925  2.477 
2.E77 2.425 
2.609 2.346 

1.Z39 1.271 
1.727 1 .596  
7 . 7 2 7  1.921 
2 .550  2.201 
2.602 2.734 

? . l a ?  1 .882  

.742 

.981  
I.C67 
I .  126 
1.211 
1.352 

1.352 
1.036 

.f!23 

. 9 6 5  
1.OOC 
1.040 

I .  z c s  

.bV6 

.503 

. 536  

. 5 5 8  

.594 
- 6 2 9  
. 6 1 8  
. b o 6  
.524  
.418 . lrJ4 . 524 
- 5 0 0  

4, lb/sq i n . ,  at - 
r /R  = 0.85 

X/c=.Ol7 
6 .617  
5.885 
5. I 9 3  
4.651 
3.74 1 
3.066 
3.742 
4 .313  
7.130 
5.237 
6 .367  
6 .587  
6.734 
6 .558  
5.839 
5.531 
6.Z82 
5.232 
3.741 
3.711 
4 .988  
6 .  I 3 3  
7.028 
7.026 

:/c=.040 

4.esz 
4.323 
3.784 
3.410 
2 .729  
2.190 
2 .366  
? . 3 l l  
5 .279 
5.949 
4.674 
4.861 
4.938 
4.894 
4.3d8 
4.125 
4.641 
3.806 
2.740 
2.696 
Z.663 
4 .575  
5 .215  
5.257 

< I C = .  ogo 
5.552 
3.200 
2.n67 
2.612 
2. I 5 2  
1.741 
1.907 
2.710 
3.885 
3.102 
3.445 
3.577 
3.621 
3.503 
3.747 
3.063 
3.445 
7 .367  
2. C64 
1.V86 
2 .573  
3.200 
3.697 
3.697 

x/c=. lj( 
2.574 
2.234 
2.133 
2.051 
1.605 
1.273 
1.451 
2 .1?5  
2 .766  
2 .242  
2.467 
2 .603  
2.646 
2.570 
2.397 
7.267 
2.613 
2.090 
1.538 
1.552 
I.c(40 
2.363 
2.718 
2.733 

x/c=.233 
l.e76 

I .  6 7 2  
I.46O 
1.272 

. 7 7 5  
1.077 
1 .186  
1 . 5 1 1  
1-03?  
1.677 
1.774 
1.070 
l . @ 8 7  
1.036 
1.764 
1.702 
1.880 
1.497 
I .  114 
1.050 
1.391 
1.72h 
1.966 
1.969 

XIC'. 335 
I . ? O C ,  
1.L74 

.?55 

. 9 4 t  

. 6 8 6  

. 5  72 

. 7 0 7  
1.C66 
1.267 
I .  160 
1.186 
1.261 
1.266 
1.235 
1.217 
1 . 1 8 3  
I .280 
1.  '126 

. 7 8 9  

. 705  

. 0 9 5  
1.  I04  
1.261 
1.26P 

x/c=. 500 
.:59 
.454 
.365 
. 2 8 6  
. I 7 0  . 109  
.? 17 
. b 6 7  
. 5 3 l  
.53: 
. 5 5 1  
. 5  78  
.bo7 

. h 2 0  

.62? 

. 6 6 6  

.504 . < 6 0  

.299  

.420 

. 5 4 6  

. h 4 6  

.ti 34 

,.I IO 

x/c=.l68 
?.220- 
I .  907 
1.701 
1.655 
1.377 
1.085 
1.245 
1.830 
2.376 
1.943 
2.150 
2.24Z 
2.251 
2. I09 
2.064 
1.970 
2. I96 
1.775 
1.233 
1.155 
1.504 
1.994 
2.102 
2 .310  

- c/c=.b25 
.54  1 
. 4 7 t  
.410 
.:45 
. 766  
.:I6 
- 3 1 5  
. 4 9  1 
. 5 0  I 
. 5 3 5  
. 5 3 5  
.5C1 
.590  
- 6 0 0  
. f 0 6  
.6OO 
.626  
.50 1 
. h l O  
. 3 5 5  
.44C 
.5:5 

. 5 7 5  

. 5 a i  

jC=. 769 
.76P 
. 7 2 3  . 190 . I 5 3  . 106 
. O ? O  
.I40 
. 2 5 7  
.2 3 1  
. 2 n 7  
. 2 3 8  

. 3 1 7  

. 3 3 3  

. 5 Z Q  

. 3 4 8  

.354 

.26 '  

.2?6 

.I84 

.2 3.) 

. 2 E 3  

. 5 0 9  

.29: 

. z i r  

0 
15 
30 
45 
GO 
75 
90 

105 
120 
135 
150 
165 
180 
195 
210 
225 
240 
255 
270 
285 
300 
315 
3 30 
345 
- 



TABLE V.- REUJCED FLIGHT DATA FUR II = 0.11 - Continued 

c/c=.b25 

( a )  D i f f e r e n t i a l  p re s su res  - Concluded 

x/c=.915 x/c=.O17 x/c=.090 

- 

*"Om, 
4% 

- 
0 

15 
jo 
45 
60 
75 
90 

105 
120 
135 
150 
165 
180 
195 
210 
225 
240 
255 
270 
285 
300 
315 
330 
345 

1.627 
1.757 
1.707 
1.737 
2.032 
2.477 
2.063 

1.298 
1.436 
1.377 
1.187 
1 . 5 9 1  
I.E76 
2.143 

.078 

.c75 

.074 

.07? 
- 0 7 7  
.oa8 
. IO3 

- 0 0 6  
.ooe 
- 0 0 5  
.a01 
.002 

.012 

. o u  

r / R  = 0.75 I r / R  = 0.55 
I 

dc= .  335 

-Kim- 
1.061 
.Q7 1 
. ? 0 5  
.775 
.677 
.bee 
.747 . J 17  
.944 

1.053 
1.057 
1.057 
1.010 

.79 1 

.940 

. roo  

.73s 

.705 

.663  

.796 

.976 
1 .  I42 
1.185 

x/c=.233 

1.015 
.785 
.975 
. 9 l 4  
.Y26 

7'1 

.7bC 

.733 

.717 
- 6 6 6  
.59c 
.560 
.547 
.561 
. h ? l  
.64? 
.643 
.6 55 
.64 3 
. 698  
.79 1 
.775 
.988 

: 7 < i  

x / c = . m  

-Kl-T= 
1."7 
1.015 

.9e7  . e65 

.764 

. 7 8  I 

. 798  

.747 

. 7  72 

.650 

.5R7 

.559 

.570 
- 5  32 
- 6 1 9  
.637 
.648 
. 6 3 7  
.648 
- 7 2 0  
.044 

1.009 
I . G C 0  

x/c=.233 

1.735 
1.637 
1.567 
1 .403 
1.315 
1.205 
1.245 
1.235 
1.501 
1 . 4 3 1  
1.617 
1.617 
I .  588  
I .  5413 
1.523 
1.431 
1.033 
1 . 1 1 4  

I .  0 8 7  
1.232 
1.460 
I .  680 
1.750 

i . o e i  

IC=.  017 

m- 
5.210 
4.920 
4.419 
3.924 
3.563 
3.44b 
3.315 
4.1 I 7  

4.417 
4.996 
5.248 
5.116 
5.704 
4.611 
3.435 
5.304 
5.282 
1.260 
3.644 
4.297 
4.974 
5.457 

5 .603  

T 
.446 
. 4 1 5  
.370 . Z16 
. Z R O  
.293 . 706 
.391 
.4 36 
.425 . 4 50 
.428 
.410 
.399 
. r 0 7  
.540 
- 3 2 7  
. Z l b  
.30R 
.360 
.43b 
.50G 
.5oe 

T;6vR 
1.641 
1.607 
1.465 
1 .  364 
1.700 
i .zes 
i . z m  
1.21v 
1.159 
1.052 

.904 

.856 

. 7 a i  

.e:z 

.E76 

.723 

.949 

.92 3 

.943 
1.074 
1.276 
1.523 
l . h 4 1  

1.295 
5.239 
2 . 7 7 7  
?.TO9 
2.492 
2.520 
2.53) 
2.38P 

2.077 
1.821 
1.630 
1.611 
1.676 

2. T o n  

- 0 4 4  

.o z9 

.053 

- 0 5 5  

.055 
- 0 5 7  

2.678 1.987 
L.112 I 1.731 1.857 

1.120 
1.966 
1.Q34 
1.997 
2.211 
2.571 
3.037 
3.245 

Ap, lb/sq in., a t  - 
*nom> r / R  = 0.40 I r / R  = 0.25 'R = 0.5' 

/~= .625  

.4'J5 

. J 9 9  

.592 

.377 

.342 

.32? 

.316 . 306 

.293 

. 287  

.274 

.?62 

.?45 

.245 

.236 

.745 

.255 

.255 

.753 

.271 

. 3 1 0  

.353 

.370 

.zse 

I- x/c=. 30 

. 4 Q U  

.507 
-488 
.44 7 
.40? . 392 

5 1 7  
.402 
.394 
- 3 5 9  
.319 

- 2 7 5  
-270 
.?64 
- 2 6 0  
- 2 5 9  
.767 
.268 
.29 1 
.35? 
.4:9 
.483 

-7a-3- 

.2ez 

- 

x/c=. joo 
.1)2 
.2 52 
.23? 
-220  
.zoo 
. I 8 6  
. I 7 1  
.I75 
- 1 9 2  . I86 
. I 7 0  
. I 5 1  . I56 
. I  I 5  
.CQ: 
.070 . c 5 9  
.Ob2 
.Ob3 
.Ob5 
.079 
.I15 . I 5 7  
. I 7 1  

c/c=.6oO x/c=.91O 

- 1 6 1  - 0 2 7  
. I 5 4  .025 
- 1 4 1  .026 
- 1 3 2  .02C 
. I 2 3  .074 
. 1 1 E  - 0 2 3  
- 1 2 2  .024 
. I 2 7  . O Z l  
. I 2 3  .029 
- 1 1 4  - 0 2 6  
.IO9 .025 
- 1 0 1  .017 .025 .016 I- .087 .013 

x/c=. 158 .. 
.a4 J 
.R54 
. P I 7  
- 7 4 7  
- 6 7 1  
.656  
.6hC 
.6h Z 
.b56 
. 6 1 1  
.547 
.502 

.4RO 

. 4 6 5  

.46: 
- 4 7 4  
- 4 8 7  
.495 
- 5 2 6  
.bo2 
. 715  
.810 

.4e4 

x/c=.6oC . 304 . Z O J  
.3c 5 
. 2 ? 1  
.271 
.266  
- 2 6 9  
.267 
.261 
- 2 0 0  
.242 
.224 
. 211  
- 7 0 4  . a 0 2  . 195 
-190 
.I70 
. I 8 9  
* 192 
.233 
.234 
.?75 
.299 

.Ob7 

.Ob4 

.06 1 

.OS7 

.os1  

.C56 

.058 

.Ob4 
- 0 7 6  
- 0 8 9  
- 0 9 1  

.4 60 

.39 1 

.329 
- 2 9 6  
.300 
. 3 1 0  
.12 I 
.364 . b74 
- 5 5 6  
. 590  

.206 
-169 
.I30 
.I15 . 116 
. I 1 7  
. I 2 5  
- 1 5 0  
.210 
.265 
. 2 3 1  

.368 .807 

.Ob5 I . e 1 2  . R40 
- 0 5 7  .056 1::: 1 - 8 9 2  
.Ob5 - 9 5 9  
. o r 5  I . C B 6  
.090 1.291 
. o w  1. i . 4 a e  

- 1 2 1  .016 
. I 2 7  I - 0 2 3  
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TABLE V.- REDUCED FLIGHT TEST DATA FOR p = 0.11 - Continued 

(b) Section aerodynamic loading 

11.901 
12.135 
15.389 
14.528 
16.790 
17.492 
17.427 
16.884 
16.868 
15.148 
11.590 
11 e901 
11.572 
11.425 
13.216 
15.920 
18.375 
19,226 

i 1.558 
16.745 
22.102 
18.853 
20, 537 
21.636 
21.911 
21.478 
20.379 
19.658 
21.691 
17.561 
13.021 
12.116 
15.840 
19.565 
22.352 
22.30 1 

Section aerodynamic loading, 1 ,  l b / in . ,  a t  - 

''5 

i j g  

''5 
lS0 
1E 
210 
225 
240 
255 
270 
285 
300 
315 
330 
345 

r / R  = 0.40 
7.904 
7.947 
8,102 
7.864 
7.220 
6.716 
6.511 
6.594 
6.583 
6.456 
5.977 
5.354 
4 828 
4.640 
4.562 
4.40 1 
4,351 
4.390 
4.461 
4.579 
4.910 
5.689 
6.777 
7.599 

2.955 
3.029 
3.288 

2.999 
2.701 
2.457 
2.134 
1.809 
1.484 
1.355 
1.357 
1.389 
1.435 
1.668 
2.184 
2.681 
2.858 

3.242 

( c )  Harmonic ana lys i s  of blade root motion 

n 

0 
1 
2 
3 
4 
56 
7 
8 
9 
10 

An,,, deg 

10.6690 
1. h891 
.6jll 
5039 

-.3Og7 
- 0  6855 
.0182 
.6628 

-. 676 
- 5947 
.{499" 

r / R  = 0.55 
12,297 
12,029 
11 .a21 
11 e056  
10.060 
9.318 
9.377 
9.337 
8.935 
8.626 
8.020 
7.235 
6.718 
6.495 
6.518 
7.055 
7.333 
7.414 
7.275 

10.111 
8.079 
9.344 

11.011 
11.835 

Pi tch  motion 
I I 

r/R = 0.90 

21.213 
18.01 1 
15.581 
13.873 
9.854 
7.234 - -  -r.. 

I l . 3 3 3  
26.862 
22.984 
22.492 
22.253 
22.547 

23.452 
22 886 

24.439 
25.753 
25.182 
23.698 
19. 120 
12.416 
15.259 
19.620 
22.376 
22.527 

r/R = 0.95 

20.259 
17.157 
15.71 1 
13,836 
10.21 1 
24.950 
29.836 
28.104 
24.045 
21.205 
20.079 
19.968 
20.478 
21.653 
22.712 
24,237 
26.770 
27.807 
27.346 
24.261 

20.572 

21.854 

17.491 

22 374 

Flap motion Lag motion 

0 
1 
2 
3 
4 

7 
g 
9 
10 

56 

3 1792 
-799 
.1620 
.1114 

- ,028t 

.030 

.0122 

.0223 

.O3 65 

-- 
- -6379 

2349 -. 1316 
.0709 - . o 182 

.0101 
*OOkl .oo 1 

0 
0 

0 
1 
2 
3 
4 
5 
6 
7 
g 
9 
10 

4 .914T  

0078 

-. 1332 
.0110 
0298 

.009 

.0126 
e0031 

0047 

0094 
.0094 

-- -. 0016 
.@440 
.0204 
0 
.0063 

,0126 
.003 1 
.oo 7 

.0047 

e 0021 



r / R  

. 2 5  

.25 

.25  

. 2 5  

. 2 5  

. 2 5  

. 2 5  

. 2 5  

. ? 5  

- 9 5  c 
. 9 5  I 

. 2 5  

. 2 5  

. 2 5  

. 2 5  

21.76173 
- ? . 3 ? 5 C  

.4n 

.40 

.40 
- 4 0  
- 4 0  
.40 
.40 
.40 
. 4 0  
.40 
.40  
.40 
.40 

-.0167 
-.0150 
-.o:c7 
- .0029 

. 5 s  

.55 

. 5 5  

.55 

.55 

.55 

. 5 5  
-55 
-55 
- 5 5  
. 5 5  
.55 
. 55  

.0175 

.0101 

.CO2G 

n 

C 
I 

3 
4 
5 
L 
7 
E 

- 
‘ 

IC 9 

I I  1; 

t . 0 1 7 2  
1 . 2 3 1 e  

.48CC 

0 
1 
2 

4 

6 
7 
E 
V 

I C  
1 1  li 

- 
0 
I 
2 
3 
Ir 

L 
7 
L 
9 

1c 
I I  li 

1.2343 
-.OOC9 

TABLE v.- pmxlm FLICaT TEST DATA FOR p = 0.11 - Continued 

( d )  Hanmnic analysis  of sec t ion  aerodynamic loading 

.85 

. 8 5  
-85 
- 8 5  
. 8 5  
. 8 5  

lbf in .  lbf in .  

.Ob51 .1635 
-.Ob57 .053: 

1 -1.5492 
2 S . ? I 0 5  
3 2.1337 
4 -.at86 
5 -1.3760 
1 . e 5 9 1  

- . 02E4  .c7e2 
-.0440 .0561 -. 0797 .0715 

.3066 
-.OR64 
- .0211 
-.0495 

.11:5 
-.0337 
-.I129 
-.0460 

.0070 
-.003C 

.0067 

.OOP4 

-.0273 
-.0095 
-.0014 
-.0071 

.PO 
- 9 0  
.‘Io 
.90 
.90 
- 9 0  

.0069 .COC7 

~~ 

6 - .3120 
7 1.2667 
e . 4 1 4 3  
V -.5e71 

IC -.Ob90 
1 1  .21+51 

1.0547 
2 . 2 9 2 0  . e347  

.4224 -.I469 

. 2 1 e $  
‘.OCP? -. IO05 

- 4 7 0 3  I . I 9 7 5  

-.io17 
-.2254 

.o4e5 .0795 

.ICC4 -.0810 -. 26  3 4 -. 05C 0 
-.21 1 ”  -. 1067 
-.oe51r . 2 3 4 0  

. I476  . I 6 4 5  

lb f in .  

.75 .4666 

.75 2 3.4666 

.75 5 .3095 
- 7 5  LI -.2221 
- 7 5  5 -.0?59 
.75 t - . I 2 4 0  
.75 7 . I392  
.75 0 .Ob42 
- 7 5  .0741 
.75 -.0:55 
-75 I ii I -.0700 
- 7 5  - 1 1 c 2  

.85 I 0 I 1 8 . 0 1 2 2  

.?O 19.8743 

.90 I 5 I -3.7057 

. ?O 2.2875 
- 9 0  I 1 4.1505 
.90 -.I463 
.PO I 5 I -2.2061 

.PO 1 12 I . O O O L  

YI, 
lb/ in .  

.i493 
-.507: 
-.3451 
-.OOC3 
-.31143 -. 1856 
.325 I -. 3060 
.a340 
. 3149  

-.2760 

-1.2674 
- 1 . 2 1 0 1  -. 688 1 

-.2740 
- . I 1 3 1  
- . c955  
.1030 

5 0 3 5 0  
.g071 
.z003 

-.0566 

- 1  .e807 
-1.2694 
-1.3324 

. 2 4 0 6  

.070 I 
-.7892 

.c1:7 

.4431 
- . I301 -. 141 I 
.2579 

- 9 5  I 2 I -3.oz7e I 
.95  
-95 
. 9 5  
. 9 5  
.P‘ i  
.,?5 

-1.5653 
-.69C? 
.4z1z 

-1.5373 
-1.037z - 1.9902 

-.2079 
.0236 
.0903 

-.4573 
-.2837 
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TABLE V.- REWCED FLIGHT TEST DATA FOR p = 0.11 - Concluded 

(e )  Flapwise bending moment 

Flapwise bending moment, in-lb, a t  - 
r / R  = 0.150 

-1340 
(99 
1C75 
e59 
551 
11R9 
574 

-227 
-666 
1611 
2705 
31 13 
059 
768 
947 
1486 
1235 
574 
99 3 
1258 
1566 
1267 
L i i  
175 

r / R  = 0.275 

-1262 - 173 
644 
512 

507 
17 

46C 

0 8  1 
4 34 
7V9 
6 8 5  
140 
4 37 
999 
7 9 4  
578 
213 
222: 

2351 

573 

. -- 
I li 

1370 
2 2 3  

-949 

r / R  = 0.375 

-lr??5 
-922 

? 7  1 
509 
55 1 
-1 e 

-994 
-21 33 

- 9 5 4  
I 1148 

2911 
T Z 7 8  
112 
118 
289 
4 34 
5 3 3 
14 1 
573 

2057 
2e75 
1410 
-36;‘ - 2C97 

r / R  = 0.450 

- 2900 
-2114 

- 5 8 2  
115 
-1 7 

-773 
-2337 - 2431 
-YO6 
c2 1 

2471 
-. 3 7 n 3  

1050 
-76 

-2 19 
-2 76 

10 
744 
1679 
2005 
24 33 
905 

- I64 1 - z a e  1 

( f )  Chordwise bending moment 
I I I 

r / R  = 0.575 

- 4596 
- 5792 - Si04 
-454 
- 7 c 3  - 21125 - 7235 

- !SO1 
-47 
I; 19 
1121 
! 8 3 4  
345 

-1 3 7  
- 1  516 
-1519 
-4 54  
1262 
2424 
2 3 1  1 
1 1 5 6  
-294 

-5516 
--4696 

r / R  = 0.650 

- 6 9 5 2  
-5097 
-4415 - 1 eof? 
-171c 
- 3549 - 3470 
-1201 
-246 
-733 
- 1 r)?? 

? ! ?  
?E2  - 1002 

- 2 P 6 3  
-2E8Z  
-1022 
1655 
3058 
2 102 
262 

-2763 
- 5 c c 2  
-6285 

(g) Blade torsional moment 
and pitch horn load 

Pitch 
ho r n  

4 $2 
275 
3 9 5  
3&0 
37 1 
48 7 
692 

54 6 
314 
2 9 6  
2 1 8  
- b l  
-1h7 
- 6 8  
-57 
- 4 8  

- 2 5 3  
-368 
-442 
- 3 6 2  
-271 

-2 e 
274 

r t  1 

567 
359 
398 
544 
3E0 
559 
7 EJ2 
722 
i 2 0  

6 3  
101 
63 
- 8  
-65 

- 1  12 
- 50 
-S6 

- 2 3 5  
-274 
-52c 
-214 

-72 
175 
443 

118 
1 1 3  
121 
12s 
110 
124 
147 
124 
e0  
57 
52 
30 
10 

- 5  
- 3  
7 
8 

1 
3 
12 
33 
76 

1 1 1  

7 
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Figure 2.- Weight and stiffness distributions. 



Outboard 

Instrumentation J 
installation 

661- 327 
Figure 3.- Blade section and photograph of top surface of blade showing pressure-gage and wiring 

installation. 
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0 0 

- Theoretical 
0 Experimental 

I I I 1 6 I I I I I I 1 I I I I I J 

T/R = 0.75 

::1'1'1 0 40 80 120 Blade azimuth 160 angle, +, 200 deg 240 280 320 360 

Figure 4.- Blade-section loading as a hnction of azimuth angle. 1 = 0.18. 
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Figure 5.- Blade t i p  path of two succeeding blades as viewed from above. p = 0.18. 
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V e r t i c a l  l i n e s  i n d i c a t e  p o i n t s  I o b t a i n e d  f r o m  f i g .  6 

T h e o r e t i c a l  - 
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Figure 8.- Blade normal-force coeff ic ient  as a function of azimuth angle. = 0.18. 

37 



Calculated (based on uniform inflow) 

Calculated (two-dimensional airfoil distribution 
with a total loading equal to flight measured) 

O-- Experimental (flight measured) 
_ _ _  - 

(a) r / R  = 0.95. 

(b) r / R  = 0.85. 

8 

6 

& 4  
9 

2 

0 

8 1  
= 255" 

( c )  r / R  = 0.75. 

Figure 9.- Chordwise pressure distribution. p = 0.18. 
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Figure 10.- Blade normal-force coef f ic ien t  a s  a function of azimuth angle. p = 0.25. 
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F igwe  11.- Calculated spanwise blade s t a t i o n  of  t h e  following blade t h a t  would s t r i k e  the  t i p  path 
of the  two leading blades.  p = 0.23. 
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Figure 13.- Blade-section loading as a function of azimuth angle for a two-blade rotor (ref. 7). 
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